Introduction {#Sec1}
============

Dementia due to Alzheimer's disease (AD) is now the most common neurodegenerative disease in the 21^st^ century, and as this population rapidly grows, there will be an increasingly large economic burden^[@CR1]^. Amnestic mild cognitive impairment (MCI) is the prodromal stage of AD, and the patients with MCI are distinct from normal aging people and progress to AD at the high rate of 10% to 15% per year^[@CR2],[@CR3]^. In the clinical context, identifying patients with MCI who will develop AD within a particular period of time is important. Many studies have demonstrated potential biomarkers for AD conversion from prodromal stages, including amyloid-beta (Aβ) and tau proteins in cerebrospinal fluid (CSF), structural and functional neuroimaging features, and neuropsychological deficits in specific cognitive domains^[@CR4]--[@CR7]^. However, the correlations between these biomarkers and the rate of cognitive decline are not all the same. Looking for other blood-based biomarkers associated with the cognitive decline in MCI patients is critical for early diagnosis and early treatment in the future.

Transthyretin (TTR) is a compound mainly found in the epithelial cells of the choroid plexus in the brain, which carries the thyroid hormone thyroxine and retinol-binding protein bound to retinol^[@CR8],[@CR9]^, and is also secreted by the liver into the blood. It can be detected both in plasma and CSF^[@CR9]--[@CR11]^. Additionally, TTR has also been considered a neuronal product in hippocampus and cerebral cortex^[@CR12],[@CR13]^ as well as ligand that interacts with Aβ and disrupts Aβ fibrils^[@CR14]^. Some studies have identified TTR as a candidate plasma biomarker for helping the diagnosis of, reflecting the disease severity of, and assessing the progression in AD^[@CR15]--[@CR17]^. Plasma TTR levels have been shown to be decreased in both MCI and AD patients compared to healthy controls, but no significant differences were detected between the two patient groups^[@CR16],[@CR17]^. In AD patients, plasma TTR levels were significantly lower in AD cases with rapid cognitive decline and with severe cognitive impairment than in those with less rapid decline and less severe impairments^[@CR15]^. However, no study has examined the longitudinal association between TTR levels and MCI-to-AD conversion.

In this study, we investigated the correlation between plasma TTR levels and the trend in the incidence of AD conversion from MCI subjects. We collected plasma from patients with clinically diagnosed MCI at baseline and followed up with them for 5 years at 1-year intervals. We hypothesized that plasma TTR levels may relate to the rate of cognitive decline and could be a predictor of MCI-to-AD conversion.

Methods {#Sec2}
=======

Participants {#Sec3}
------------

Amnestic MCI subjects were recruited from the outpatient clinics of the Taipei Veterans General Hospital, Taichung Veterans General Hospital, and Changhua Christian Hospital in Taiwan during the period from August 2012 to December 2016. Cognitively healthy controls were also recruited for comparison at baseline. All MCI subjects had an informant who could provide reliable histories, and the age at onset needs to be greater than 60 years. All subjects received a standardized evaluation, including a clinical interview, neuropsychological assessments, laboratory tests, and brain magnetic resonance imaging. A diagnosis of MCI was made according to the revised consensus criteria from 2004^[@CR18],[@CR19]^. The cutoff value for the diagnosis of MCI was set at 1.5 standard deviations below the age-adjusted norm for the logical memory test of the Wechsler Memory Scale III^[@CR20]^. The exclusion criteria were subjects who had other significant neurological diseases that may have affected cognition and subjects who had any known inflammatory conditions or took anti-inflammatory drugs. The disease duration was defined as the period between the initial onset of symptoms reported by the informant and participation in the study. This research project was approved by the institutional review boards at the three hospitals. All methods were performed in accordance with the relevant guidelines and regulations. Informed consent was obtained from all subjects and their informants before study participation.

Clinical evaluation and procedures {#Sec4}
----------------------------------

Cognitive function was assessed by standard procedures at baseline and annual follow-ups. Global cognitive and functional status was assessed by the Mini-Mental State Examination (MMSE)^[@CR21]^ and Clinical Dementia Rating (CDR)^[@CR22]^. The 12-item memory test, modified 15-item Boston naming test, category verbal fluency test, forward and backward digit span test, and trail making A test were used to assess short-term memory, language, executive function, attention and working memory, and visuospatial functions, respectively. Depression was evaluated by the short form of geriatric depression scale^[@CR23]^. Longitudinal follow-up was performed in all MCI subjects at one-year intervals for 5 years. At the follow-up visits, the same clinical evaluation procedure was performed, and the conversion to AD was determined at a multidisciplinary consensus meeting according to the clinical criteria for probable AD as described by the National Institute on Aging--Alzheimer's Association^[@CR24]^.

TTR measurements {#Sec5}
----------------

Freshly drawn venous blood was collected at baseline in tubes containing EDTA, which were then centrifuged, and the samples were stored in polypropylene tubes at -80 °C until biochemical analysis. The plasma TTR levels were measured in duplicate using a noncompetitive enzyme immunoassay (ELISA Assaypro LLC, prealbumin AssayMAX Human ELISA Kit) according to the manufacturer's instructions at baseline and at the point when MCI patients converted to dementia. All samples from each participant were measured on the same plate to avoid interplate variation. The coefficient of variance for each sample was less than 20%.

DNA analysis {#Sec6}
------------

Genomic DNA was isolated from whole blood using the Gentra Puregene kit according to the manufacturer's protocol (Qiagen, Hilden, Germany). The presence of the ε2, ε3, and ε4 alleles of the apolipoprotein E (APOE) gene was determined by assessing the genotype of the participants for the SNPs rs429358 and rs7412. The APOE ε4 carrier was defined as having at least one ε4 allele (including ε2/ε4, ε3ε4, and ε4/ε4). The genotyping of rs429358 and rs7412 was performed using the TaqMan genotyping assay (Applied Biosystems, Foster City, CA, USA). The polymerase chain reactions were performed in 96-well microplates with an ABI 7500 real-time PCR machine (Applied Biosystems). Allele discrimination was achieved by detecting fluorescence using System SDS software version 1.2.3 (Applied Biosystems).

Statistical analysis {#Sec7}
--------------------

First, frequency matching healthy controls (age- and sex-matched) was used to examine the difference in plasma TTR levels with MCI subjects at baseline by a independent two-sample t-test. Second, according to the diagnosis (maintainging MCI or converting to dementia) at the last visit during the longitudinal follow-ups, MCI subjects were divided into stable MCI patients and MCI converters. Chi-square tests and independent two-sample t-tests were used to examine the differences in demographic and neuropsychiatric variables between the two groups when appropriate. Third, a paired sample t-test was used to examine the difference of plasma TTR levels between at baseline and at the point converting to AD in MCI patients. Fourth, receiver operating characteristic (ROC) curves were applied to examine the predictive ability of plasma TTR level to detect MCI-to-AD conversion at three different follow-up periods (12 months, 24 months, and 36 months) and the areas under the ROC curve (AUC) of the three different time points were calculated. Fifth, survival analysis with time to AD conversion as an event variable was calculated with the multivariable Cox proportional hazards models using plasma TTR level as a continuous variable with the enter method with adjustment for other covariates and bootstrapping procedure with 1000 samples to derive adjusted hazard ratios (HRs) and 95% confidence intervals (95% CI). Addtionally, We divided the plasma TTR level of MCI patients into quartiles to examine the between-quartile relationship of MCI-to-AD conversion. We verified the proportional hazards assumption by plotting log minus log survival curves and the time-dependent covariate method^[@CR25]^. The statistical analyses were performed with SPSS software (version 20.0, IBM, Inc., Armonk, NY, USA). Statistical significance was defined as p \< 0.05.

Results {#Sec8}
=======

Subjects and demographics {#Sec9}
-------------------------

In total, 184 MCI subjects (97 males/87 females; mean age = 76.4 ± 6.4 years; mean education = 10.7 ± 4.6 years) and 40 cognitively healthy controls (16 males/24 females; mean age = 74.8 ± 6.3 years; mean education = 12.1 ± 4.3 years) were recruited for the study at baseline. The mean MMSE score of MCI subjects was lower than that of cognitively healthy controls (25.8 ± 2.5 vs. 27.9 ± 1.7, p \< 0.001). The percentage of APOE ɛ4 carriers in MCI subjects was 23.4%. During the longitudinal follow-ups, 135 MCI subjects completed at least one follow-up, and the follow-up rate was 73.4%.

Baseline plasma TTR levels in MCI patients and healthy controls {#Sec10}
---------------------------------------------------------------

MCI patients had higher baseline plasma TTR levels compared with control group (367.4 ± 80.6 vs. 324.6 ± 61.4 ug/ml, p \< 0.001).

Longitudinal follow-up for MCI patients {#Sec11}
---------------------------------------

In the stable MCI subjects, the mean follow-up time was 31.2 ± 16.9 months (range 8--71 months). In the MCI converters, the mean period of maintaining MCI status was 24.0 ± 14.7 months (range 9--60 months) with follow-up intervals of 12.5 ± 2.3 months. Age, years of education, disease duration, and depression scale scores were similar between the stable MCI subjects and MCI converters. The percentage of APOE ɛ4 showed a trend of an increase in the MCI converters (p = 0.05). Additionally, most of the cognitive tests of the MCI converters were worse than those of the stable MCI patients at baseline, including the MMSE (p = 0.003), delayed recall of 12 items memory test (p = 0.03), forward digit span test (p = 0.02), category verbal fluency (p = 0.002), and trail making A (p = 0.001). The plasma TTR levels were similar between the two groups and were also similar between males and females. The detailed demographic and neuropsychiatric data are shown in Table [1](#Tab1){ref-type="table"}.Table 1Demographic and neuropsychiatric data of MCI patients.Stable MCI (n = 73)MCI converter (n = 62)*p* value\*Male43 (58.9%)30 (48.4%)0.29Age75.6 ± 6.677.4 ± 6.20.11Education (years)11.3 ± 4.210.8 ± 4.90.55Disease duration (months)26.8 ± 26.530.6 ± 29.00.42Body mass index24.6 ± 3.523.9 ± 3.70.33Baseline MMSE26.6 ± 2.225.3 ± 2.80.003Delayed recall5.0 ± 2.44.1 ± 2.80.03Forward digit span10.3 ± 2.29.3 ± 2.60.02Backward digit span5.9 ± 2.15.2 ± 2.00.06Category verbal fluency10.5 ± 3.19.0 ± 2.40.002Geriatric depression scale4.1 ± 3.34.0 ± 3.30.1Modified Boston Naming13.7 ± 1.213.4 ± 1.20.18Trail making A (seconds)74.7 ± 32.7105.4 ± 65.30.001Plasma TTR level (μg/ml)360.2 ± 81.9371.0 ± 80.40.44APOE ɛ4 carrier12 (16.4%)20 (32.3%)0.05The values indicate means with standard deviations unless otherwise indicated.\*Chi-square test or *t*-test.

The longitudinal changes of plasma TTR levels of MCI converters {#Sec12}
---------------------------------------------------------------

In MCI converters (n = 62), the plasma TTR levels were checked again for 51 patients (82.2%) at the point when they converted to dementia. The plasma TTR level at the point when they converted to dementia was significantly lower than that at baseline (328.6 ± 66.5 vs. 381.9 ± 77.6 ug/ml, p \< 0.001).

ROC curves analysis in different follow-up periods {#Sec13}
--------------------------------------------------

The AUCs at the 12-month, 24-month, and 36-month for baseline plasma TTR level to detect MCI-to-AD conversion were 0.603, 0.611, and 0.544, respectively.

Survival analysis of conversion from MCI to AD {#Sec14}
----------------------------------------------

Table [2](#Tab2){ref-type="table"} showed the Cox model including bootstrapping resampling analysis examining the association between plasma TTR levels and MCI conversion to AD with adjustment for age, sex, years of education, baseline MMSE scores, and APOE ɛ4 carrier status. In the original analysis, the plasma TTR level was an independent factor for the MCI conversion to AD (p = 0.023, 95% CI 1.001--1.007), as well as age (p = 0.006, 95% CI 1.021--1.136), sex (p = 0.036, 95% CI 1.043--3.429), baseline MMSE scores (p = 0.002, 95% CI 0.762--0.939), and APOE ɛ4 carrier status (p = 0.001, 95% CI 1.560--5.545). The results were similar in the bootstrap analysis. This relationship was also evident in the Kaplan-Meier curve for freedom from MCI conversions to AD according to plasma TTR quartiles (Fig. [1](#Fig1){ref-type="fig"}) showing a relationship between TTR quartiles and the incidence of AD conversion. The relative risk between extreme quartiles was 2.9 (95% confidence interval = 1.40 to 6.14).Table 2Results of multivariable Cox regression model.Original analysisBootstrap analysisHR (95% CI)*p* valueHR (95% CI)*p* valueAge1.077 (1.021, 1.136)0.0061.077 (1.025, 1.146)0.007Sex  Female1.892 (1.043, 3.429)0.0361.892 (1.093, 3.615)0.031  MaleReferenceReferenceEducation1.019 (0.950, 1.092)0.6011.019 (0.944, 1.096)0.566Baseline MMSE0.846 (0.762, 0.939)0.0020.846 (0.769, 0.939)0.001APOE ɛ4  Carrier2.941 (1.560, 5.545)0.0012.941 (1.624, 6.123)0.001  Non-carrierReferenceReferencePlasma TTR1.004 (1.001, 1.007)0.0231.004 (1.000, 1.008)0.023HR, hazard ratio; CI, confidence interval; MMSE, Mini-Mental State Examination; APOE, apolipoprotein E; TTR, transthyretin.Figure 1Kaplan-Meier curve for freedom from MCI conversions to AD according to plasma TTR quartiles. There is a dose-response relationship between TTR quartiles and the incidence of AD conversion. The relative risk between extreme quartiles was 2.9 (95% confidence interval = 1.40 to 6.14).

Discussion {#Sec15}
==========

The present study demonstrates that MCI patients have higher plasma TTR levels compared with cognitively healthy controls and that higher plasma TTR levels are associated with MCI-to-dementia conversion. Additionally, older age, female sex, baseline MMSE scores, and APOE ɛ4 carrier status are other important factors associated with the conversion from MCI to AD. Furthermore, our results showed decreased plasma TTR levels at the point when MCI patients converted to dementia.

Previous studies have shown that plasma and CSF TTR levels were decreased in both MCI and AD patients as well as AD patients with rapid cognitive decline and severe cognitive impairment^[@CR15]--[@CR17],[@CR26]^. A study found a difference in TTR levels based on sex, which showed that women had significantly lower plasma TTR levels than MCI and AD men^[@CR16]^. However, in this study, we did not find any difference in TTR levels between sexes, which is similar to another study^[@CR17]^. To our knowledge, this is the first longitudinal study investigating the association between TTR levels and the conversion from MCI to AD. To summarize the results from all of the relevant studies, the TTR levels might change dynamically according to the different disease stages. The TTR levels are low in cognitively healthy elderly initially. During the MCI stage, the TTR levels keep increasing and the patients with higher TTR levels tend to convert to AD, but after conversion to the dementia stage, the TTR levels drop and lower TTR levels reflect rapid cognitive decline.

TTR has been reported to be linked to AD pathogenesis because it is able to sequester Aβ40 and Aβ42 and suppress Aβ fibrillation^[@CR27]^. According to the model of the dynamic AD biomarkers^[@CR28]^, Aβ accumulation should be an early step in the pathophysiological processes. One possible reason for the increased plasma TTR associated with the conversion from MCI to AD is upregulated TTR levels in the reactive response to the Aβ accumulation during the early stage of AD^[@CR29],[@CR30]^. Higher plasma TTR levels might reflect more rapid or larger amounts of Aβ accumulation, which might result in more rapid cognitive decline with time. The other reason is that TTR levels are associated with dysfunction of the blood-brain barrier (BBB). Some studies have reported the correspondence between the CSF TTR and serum/plasma TTR levels, suggesting that the TTR was permeable through the blood-brain barrier^[@CR31]^. Another study showed that TTR interacts directly with Aβ at the BBB, stimulates brain-to-blood Aβ permeability, and transports Aβ from but not into the brain^[@CR32]^. Because BBB breakdown has been shown to be an early biomarker of human cognitive dysfunction^[@CR33]^ and blood TTR levels could be a possible marker of blood-to-CSF barrier disruption^[@CR31]^, the dynamic changes of plasma TTR, a transporter protein associated with the permeability of BBB, may reflect the dysfunction of BBB in AD during the different disease stages.

There are many studies analyzing significant biomarkers associated with MCI-to-AD conversion, but the results have been inconsistent. Some studies have demonstrated that different biomarkers, including hippocampal volume, the CSF tau/Aβ-42 ratio, tau proteins and Aβ levels, which had great sensitivity up to 88.9% and specificity up to 96.8%, and the combined assessment outperformed single biomarker assessments^[@CR34],[@CR35]^. Other studies have also shown that absent APOE4 alleles may predict MCI stability for at least 3 years^[@CR36]^, plasma homocysteine and serum brain-derived neurotrophic factor may predict MCI-to-AD conversion in patients with the APOE ε4 genotype^[@CR37]^, and plasma beta-secretase 1 activity is significantly increased in MCI converters^[@CR38]^. Some neuroimaging approaches have provided other ways to predict MCI-to-AD conversion^[@CR39],[@CR40]^. However, MCI is a diverse group, and the progression from MCI to AD is dynamic. Therefore, more studies are needed to investigate the temporal relationship between new biomarkers and clinical disease processes. In the present study, we analyzed the temporal relationship between plasma TTR levels and the conversion from MCI to AD, which provided evidence that plasma TTR is involved in the disease course of MCI-to-AD conversion.

Our study has some limitations. First, the diagnoses of MCI and AD were made by clinical criteria without biomarker evidence of Aβ and tau, which may have influenced the diagnostic accuracy because the MCI patients could have mixed etiology. Second, we did not include other confounding factors that potentially affect TTR levels, such as genetic background, thyroid hormone, and plasma Aβ. Third, some MCI patients might die or convert to AD between two clinical visits, which could confound the results.

Conclusion {#Sec16}
==========

Our study supported the temporal relationship between the plasma TTR level and the conversion from MCI to AD, which may help clinicians predict the prognosis of MCI subjects. Identifying the MCI subjects who have a higher probability of converting to AD may aid clinicians in treating earlier and preventing deterioration. Further studies on the detailed mechanism of TTR in different AD stages should be conducted in the future.
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